Seasonal changes in immunocompetence are predicted by the hypothesized trade-off between reproduction and selfmaintenance, whereby immune function is a measure of self-maintenance and reproductive effort is seasonally dependent. We examined seasonal patterns in immunological, haematological and body condition parameters for male and female freshwater fish. In two different populations, the relative size of the spleen and the chemotaxic migration activity of head kidney granulocytes decreased immediately before and after spawning, respectively. Those decreases were accompanied by an increase in haematocrit values shortly before and after spawning in both populations and a decrease in the relative body weight in one population, possibly due to physiological stress caused by increased activity during the spawning period. Breeding-related changes in other measures studied (phagocytosis activity of head kidney granulocytes, blood IgM concentration, white cell count and red cell count) were absent or inconsistent. Some of the results are in line with the idea of a trade-off between reproduction and immune defence. The present data suggest that the differential responses of the immune system may have different temporal patterns, which should be taken into account in immunoecological studies.
INTRODUCTION
One of the main issues in immunological ecology is the role of immune defence in the evolution of life-history traits, i.e. investment in reproduction at the expense of immune function (Sheldon & Verhulst, 1996) . There are theoretical trade-offs between different traits, such as age at maturity, generation span, and number, size, and sex ratio of offspring (Stearns, 1992) ; recent findings also indicate a trade-off between traits and immune defence (reviewed by Lochmiller & Deerenberg, 2000; Norris & Evans, 2000) .
In studies of parasite-mediated sexual selection (e.g. Hamilton & Zuk, 1982) , parasite load and immune function have been related to the expression of secondary sexual characters at the time of mating (Hillgarth & Wingfield, 1997; Saino, Bolzern & Møller, 1997; Peters, 2000) . Immunological performance may be subject to rapid temporal changes at this time due to possible resource re-allocation between the immune system and reproduction, or through immunomodulation by reproductive hormones (Hillgarth & Wingfield, 1997; Folstad & Skarstein, 1997) . According to the immunocompetence handicap hypothesis (Folstad & Karter, 1992) , the production of testosterone during breeding may involve a concomitant reduction in male immune defence. The breeding period itself may cause physiological stress, which can per se affect immune function (Buchanan, 2000) .
The vertebrate immune system is affected by seasonal environmental changes via the neuroendocrine system (Zapata, Varas & Torroba, 1992) . In fish, for example, sex hormone levels undergo remarkable changes during breeding (e.g. Rinchard, Kestemont & Heine, 1997; Kime, 1998; Kestemont et al ., 1999) which may affect the immune system in various ways (Slater & Schreck, 1993 , 1998 . Several studies have demonstrated that organ size is condition-dependent (Piersma & Lindström, 1997) , including the lymphoid organs (Møller, Christe & Mavarez, 1998) .
Seasonal changes in the immune system are found in a wide range of animal species (for reviews see Zapata & Cooper, 1990; Nelson & Demas, 1996) . The existence of temporal changes in immunocompetence associated with breeding is widely accepted, yet has been poorly studied in wild populations, with most research focusing on the effect of winter. Recent studies in captive fishes have indicated down-regulation during the reproductive period (Iida, Takanishi & Wakabayashi, 1989; Slater & Schreck, 1998; Hou, Suzuki & Aida, 1999) .
The aim of the present work was to study breedingrelated seasonal changes in immune characteristics of roach ( Rutilus rutilus ), using mature wild fish. Roach is an iteroparous cyprinid fish species that has an intensive lek-like mating event in the spring (Diamond, 1985; Wedekind, 1996) . Males exhibit territorial behaviour during spawning (Wedekind, 1996) and also produce secondary sexual ornaments, the breeding tubercles (Wiley & Collette, 1970; Wedekind, 1992; Taskinen & Kortet, 2002) . Moreover, roach make migrations just before and during spawning time (Mills, 1991) .
We expected a decrease in immunological and health-state parameters of spawning roach, which would accord with a predicted trade-off between reproduction and immunocompetence. It should be noted that because our seasonal study was conducted using relatively small wild fish, no challenge method could be used. We examined five measures of immunocompetence by sampling males and females from two populations five times during the year. Since the various parts of the immune system may have different seasonal patterns of activity (Zuk & Johnsen, 1998) we used a number of monitoring techniques to measure immune function and the state of health of the fish. Furthermore, since immune defence may be condition-dependent (e.g. Møller et al ., 1998) , we also examined seasonality in three indicators of physiological condition.
MATERIAL AND METHODS

F ISH
During 1999, adult male and female roach were collected by angling from Lake Kuljunlahti (64 ∞ 37 ¢ N, 24 ∞ 25 ¢ E), N = 151 and from Lake Jyväsjärvi (62 ∞ 14 ¢ N, 25 ∞ 46 ¢ E), N = 151. Lake Kuljunlahti is an industrial cooling pond with a mean water temperature 10 ∞ C higher than that of Lake Jyväsjärvi, which is covered by ice from November to May (Fig. 1A) . Samples of about 15 males and 15 females per population were collected on five occasions, each time from the same site: (1) winter (February) (2) just before spawning (early May) (3) immediately after spawning (early June) (4) summer (mid-August) and (5) autumn (mid-October). Sampling dates are shown in Figure 1 and sample sizes in Figures 2 -4 . Water temperature was measured on each occasion (Fig. 1A) . In order to determine the exact spawning time, extra samples were taken regularly during the spring of 1999 from both populations and the maturity of the gonads was studied.
We had permission to use experimental animals (Central Finland Regional Environment Center, permission LS-2/99) which were cared for in accordance with the principles and guidelines of that permit. Fish were anaesthetized immediately after capture using 0.01% MS-222 (Sigma Chemical Co., St Louis, MO) to prevent any stress-induced changes of immunological parameters. They were transported to the laboratory in aerated lake water and kept at the ambient temperature of the lake; they were examined not later than 2 h after capture. The average total length and weight of all fish (mean ± SE, N = 302) were 160 ± 1.1 mm and 57 ± 1.5 g, respectively.
L ABORATORY ANALYSES
Five immunological parameters were analysed: (1) relative size of the spleen; (2) leucocyte concentration; (3) plasma IgM concentration; (4) migratory and (5) phagocytotic activity (respiratory burst capacity) of head kidney granulocytes (Salo et al ., 1998 (Salo et al ., , 2000 . The last two parameters monitor the functional activity of one class of leucocyte. Three physiological parameters were analysed: (1) haematocrit value, (2) red blood cell concentration, and (3) body weight without intestinal organs as a condition factor (Bolger & Connolly, 1989) . The relative size of the gonads was measured. Additional samples of male roach ( N = 60, for exact dates, see Fig. 1B ) were taken from Lake Jyväsjärvi on three occasions to study the occurrence of breeding tubercles and size of the spleen: (1) at the time of spawning (26 May), (2) some time after spawning (7 July) and (3) late autumn (13 November). One additional sample of male roach was taken from Lake Kuljunlahti in midMay to score breeding tubercles.
Fish were bled from the caudal vein with heparinized syringe and needle. Haematocrit was measured immediately (12 000 g, 5 min, Heraeus Biofuge A). Whole blood (50 m L) was stained for enumeration of red and white blood cells (Shaw, 1930) , and the plasma separated by centrifugation and frozen for later determination of immunoglobulin M (IgM) concentration. IgM was analysed using an enzyme-linked immun-osorbent assay (ELISA) for roach IgM (Aaltonen, Jokinen & Valtonen, 1994) . In brief, microtiter plates were first coated with antiroach IgM antibody, washed with phosphate-buffered saline (PBS) containing 0.05% Tween-20 and blocked with 1% bovine serum albumin (BSA) in PBS. Diluted samples were incubated in wells followed by biotin-labelled antiroach IgM antibody. Then avidin-labelled alkaline phosphatase conjugate (Sigma Chemical Co.) was incubated in wells and, after washing, paranitrophenyl phosphate was used as the substrate. The plates were read at 405 nm on an ELISA plate reader (Multiskan, Flow Laboratories/Labsystems, Finland).
Gonad and spleen weights in relation to body weight without intestinal organs (carcass weight) were calculated. Relative body weight (condition factor, K) was calculated using the equation, K = constant ¥ carcass weight (g)/(body total length (cm)) b , where b is the slope of a regression of log 10 (weight) on log 10 (length) of the population (Bolger & Connolly, 1989) . Relative body weight assumes that the heavier the fish in relation to its length, the better its condition. Sex was identified from gonads.
The anterior kidney was removed and homogenized using a nylon net (80 mesh) in heparinized cell culture medium (Salo et al ., 1998) . The homogenate was layered on top of two-step Percoll-gradients (Pharmacia LKB Biotechnology AB, Uppsala, Sweden). After centrifugation (400 g, 30 min) the phagocytotic cells were collected from 1.070 to 1.090 g cm
interphase, washed twice and counted with trypan blue exclusion in a haemocytometer in order to adjust the desired cell concentration. The production of reactive oxygen species, as a measure of the phagocytotic activity of granulocytes, was assayed with the phorbol 12-myristate 13-acetate (PMA)-stimulated, luminol-enhanced chemiluminescence (CL) method (Scott & Klesius, 1981; Salo et al ., 1998) . The polypropylene vial contained 10 5 cells, and the reaction was started by adding 2 m g mL -1 PMA. A model 1250-Wallac luminometer with temperature control was used to measure peak CL at 25 ∞ C. The results were expressed as mV/10 6 granulocytes. Migration of neutrophils was assessed with a modified under-agarose technique (Nelson, Quie & Simmons, 1975; Salo et al ., 1998) . A mixture of agarose (1%, Type I: Low EEO; Sigma Chemical Co.) and gelatin (0.25%, Difco Laboraties, Detroit, MI) was heated to 56 ∞ C, dispensed on microscope slides, previously washed with 1 : 1 mixture of 3 M HCl and ethanol, and the gel was allowed to set. Sets of three wells 2.5 mm diameter and 2.0 mm apart were punched out of the gel. The middle wells were filled with casein (100 mg/ mL, Sigma Chemical Co.) as a chemoattractant, while the outer wells received 3 ¥ 10 5 neutrophils in a volume of 10 m L. The cells were allowed to migrate in a humidified environment at 25 ∞ C for 3 h and then fixed overnight with methanol. The agarose was carefully removed and the slides with migrant cells were airdried and stained with a haematological stain (DiffQuick, Baxter Diagnostic AG, Düdingen, Germany). The distance ( m m) of the leading front of cells migrating from the margin of the well toward the well containing casein was measured under a microscope with an ocular micrometer.
S TATISTICAL ANALYSES
Statistical analyses were performed using SPSS for Windows (SPSS Inc., Chicago). In order to control the possible effect of size on immunological and condition measures, the length of the fish was used as a covariate. To assess seasonal changes related to breeding, the effect of sampling date was explored for both populations separately. Parameters, which were homoscedastic and normally distributed, were analysed first using ANCOVA with sampling date and sex of fish as factors. If the effect of sampling date was significant, and the effect of covariate insignificant, the differences between sampling points were analysed using Tukey's B -test. When the effect of length as a covariate was significant, temporal changes in measured parameters were explored using simple contrast method. The parameters which did not fulfil the assumptions of ANOVA were log-transformed. When transformations were not effective, then non-parametric Kruskal-Wallis H -test was used and sexes were analysed separately as well. The details of analyses are given in Tables 1 and 2 .
RESULTS S PAWNING
Size of gonads showed significant temporal changes in both populations (for both populations and sexes, P < 0.001). Between August and October it increased significantly, indicating that eggs and sperm were well developed by the end of October. The highest and lowest values were before and after the breeding period, respectively (Fig. 1A) . Spawning occurred May 10-15 in Lake Kuljunlahti (LK) and May 25-29 in Lake Jyväsjärvi (LJ); male ornamentation (breeding tubercles) was found only during the spawning period (Fig. 1B) .
S PLEEN SIZE
The effect of sampling date and sex on relative spleen size was statistically significant in both populations (for both populations and sexes, P < 0.001). When measured shortly before breeding, spleen size was found to have decreased compared with February (Fig. 1B) . Both sexes had similar seasonal patterns, but males had larger average spleen sizes. In LJ males, in which spleen size was monitored more frequently, the lowest values were obtained at the time of spawning, followed by a quick recovery (2-way ANCOVA , a= 0.05; sampling date F 8,144 = 36.015, P < 0.001; covariate length F 1,144 = 2.695, P = 0.103) (Fig. 1B) . In that lake, spleen size of males at the time of mating in late May was only 25% of that in February. However, only a few days after spawning it had recovered and no longer differed statistically from that in February.
M IGRATION ACTIVITY OF HEAD KIDNEY
GRANULOCYTES
The effect of sampling date on the migration activity of the head kidney granulocytes was significant in both populations and both sexes (for both populations and sexes, P < 0.001). In both populations, activity decreased immediately after spawning; statistically significant changes were found only among LK females ( Fig. 2A) . Activity was highest in October.
P HAGOCYTOSIS ACTIVITY OF HEAD KIDNEY
GRANULOCYTES
Sampling date had a significant effect on phagocytosis of head kidney granulocytes in both populations and both sexes (for both populations and sexes, P < 0.001; Fig. 2B ). However, temporal changes were connected to breeding only among LJ females, where values rose between February and prespawning in May. In both populations and sexes maximum activity was observed in October.
BLOOD IGM CONCENTRATION
In both populations, the effect of sampling date on blood IgM concentration was significant but that of sex was not. A significant interaction between sampling date and sex was found only in LJ (sampling date, P < 0.001; sex, P = 0.455; interaction between sampling date and sex (henceforth interaction), P = 0.009; covariate length, P = 0.081. LK: sampling date, P = 0.021; sex, P = 0.039; interaction, P = 0.064; covariate length, P = 0.259). There was a weak association between blood IgM and breeding. In LJ males and LK females, the lowest IgM concentrations were found shortly after and before spawning, respectively (Fig. 3A) . In other fish, however, no clear breedingrelated temporal changes were found.
NUMBER OF WHITE BLOOD CELLS
In both populations, the effect of sampling date on the number of white blood cells was significant (LJ: sampling date, P < 0.001; sex, P = 0.142; interaction, P = 0.214; covariate length, P = 0.832. LK: sampling date, P < 0.001; sex, P = 0.781; interaction, P = 0.871; covariate length, P = 0.611). In LK, the counts of white blood cells among both sexes peaked immediately after spawning in early June (Fig. 3B) . However, a different pattern was found in LJ, where the numbers of white blood cells of males were lowest around spawning (Fig. 3B) . Figure 2. Temporal changes in (A) chemotaxic migration activity and (B) phagocytosis activity (peak chemiluminescence, mV/10 6 cells) of head kidney granulocytes for male and female roach from Lake Kuljunlahti and Lake Jyväsjärvi between February and October 1999. Vertical bars represent ± 1 SE. 'May' and 'June' represent samples collected just before and shortly after spawning, respectively. Occasions which did not differ statistically from each other are denoted with the same letter (males with capital letter). In both populations, sampling date and interaction between it and sex (but not sex as such) had a significant effect on the relative body weight (condition factor) (LJ: sampling date, P = 0.001; sex, P = 0.606; interaction, P = 0.022; covariate length, P < 0.270. LK: sampling date, P = 0.004; sex, P = 0.169; interaction, P = 0.022; covariate length, P <0.001). In LJ there were no spawning-related seasonal changes in condition factor, whereas among the LK males relative body weight was lowest before spawning (Fig. 4A) .
Haematocrit values (Fig. 4B) varied significantly between seasons and were highest directly before and after the spawning period in both sexes in LJ (sampling date, P < 0.001; sex, P = 0.014; interaction, P = 0.187; covariate length, P = 0.159). A less clear pattern was found in LK, where among the males the highest values were observed before spawning, but in the females the changes were absent (Fig. 4B ) (sampling date, P < 0.001; sex, P < 0.001; interaction, P = 0.312; covariate length, P = 0.952).
Seasonal changes in the numbers of red blood cells were statistically significant in both sexes of LJ (males, P = 0.008; females, P < 0.001); values for females were highest just before breeding in May and lowest in February (Fig. 4C) . In LK the effect of sampling date was not significant, unlike that of sex (sampling date, P = 0.492; sex, P = 0.014; interaction, P = 0.365; covariate length, P = 0.582). Males had higher red cell counts than females, but the seasonal variation was low (Fig. 4C) .
DISCUSSION
Life-history theory predicts a trade-off between reproduction and immune defence. Therefore, in the seasonal pattern of immunocompetence, there should be a decrease during the breeding period in species with intensive mating activity. The observed increase in haematocrit values and decrease in relative body weight in the present study suggest that the breeding period of roach is physically demanding or stressful (see Munkittrick & Leatherland, 1982; Bolger & Connolly, 1989; Wester, Vetak & van Muiswinkel, 1994) . The size of the spleen -the major antibodyproducing organ in teleost fish (Manning, 1994 ) -decreased in both populations and sexes during breeding. In teleosts there is no clear division between splenic white and red pulp as in mammals; lymphocyte proliferation occurs in the ellipsoids scattered about the entire splenic volume. A large spleen can therefore either be interpreted as indicating an enhanced capacity to respond effectively to infection or increased immunological activity from already established infections. In addition to immune function, the spleen is known to act as an erythrocyte reservoir (e.g. Yamamoto, 1987) . Decreased size of the spleen in the spawning period and rapid recovery after breeding may attest to the existence of physiological trade-off (Piersma & Lindström, 1997) . Decrease in spleen size is also known to occur during the breeding season in wild Arctic charr, Salvelinus alPinus (Skarstein, Folstad & Liljedal, 2001) , some captive fishes (Zapata et al., 1992) and birds (Nelson & Demas, 1996) .
In addition to the breeding-related contraction in spleen size, the migration activity of head kidney granulocytes decreased in both populations shortly after mating (Fig. 4) . The head kidney is presumed to play a very important role as a lymphatic organ in fishes (Manning, 1994) . Mobile granulocytes are part of the non-specific defence in fish (Secombes, 1996) . These cells possess destructive enzymes and are able to produce reactive oxygen radicals needed to destroy pathogens. Directed migratory activity of granulocytes in response to chemotactic stimulus indicates mobility capacity of those cells, which is obligatory for quick control of infection. It has been shown to decrease in roach under stress, disease and UV-exposure (Secombes & Fletcher, 1992; Salo et al., 1998) .
Unlike spleen size and granulocyte migration, the breeding-related seasonal changes in the number of white blood cells and granulocyte phagocytosis were equivocal. The number of white blood cells reflects the general state of health and immune response in fish (Wester et al., 1994) . Increased number of leucocytes, especially granulocytes, is a common consequence of infection (e.g. Ellis, 1986) . The level of phagocytosis of head kidney granulocytes provides a functional assessment of these cells when activated. The successful destruction of pathogenic microbes by phagocytes requires the production of reactive oxygen in a process known as respiratory burst (Secombes, 1996) . The results of this study suggest that while some parts of the roach immune system may be suppressed during mating, others may remain unaffected. The high respiratory burst activity of head kidney phagocytes and cell migration observed in October may be due to investment in non-specific defences as an adaptation to lowered temperatures. The antigen-specific branch of fish immune defence has been shown to react more slowly in cold than in warm temperatures (Avtalion, 1981) . Alternatively, the low values of migratory and phagocytotic activity observed in February may simply reflect the absence of infections by pathogens and parasites during winter.
When exposure to pathogens and parasites increases, blood immunoglobulin concentration should rise (Møller, Christe & Lux, 1999) . In our study area, the prevalence and abundance of gyrodactylid monogenean parasites peak in the spring during the spawning period of roach (Koskivaara, Valtonen & Prost, 1991) . Thus, the IgM values should increase around this time. The breeding-related temporal changes in blood IgM concentrations in the present study were not consistent with that expectation. However, our results indicate a decrease in IgM concentration immediately after breeding in LJ males, and before breeding in LK females, which may suggest lowered immune activity. In fact, the abundance of monogeneans around spawning time may be due in part to the reduced activity of some parts of the fish immune system, although not necessarily IgM levels, as indicated by the results of the present study. A similar pattern was observed in Arctic charr, where spawning fish had higher intensities of macroparasite infections and smaller spleens than non-spawning or resting fish, but no differences were observed in the densities of lymphocytes or granulocytes (Skarstein et al., 2001) .
Our results indicate breeding-related impairment in at least some parts of the immune defence system of roach, and are in accord with a hypothesized trade-off between reproduction and immunocompetence. However, fish immune response can also be modulated by a range of environmental factors such as temperature, ultraviolet radiation or chemicals (Anderson & Zeeman, 1995; Tatner, 1996; Salo et al., 1998) . Temperature and UV-radiation both increase during the breeding season. The increase in temperature probably cannot be used to account for the observed decrease in immune defence activity during breeding, since, as a rule, it increases its effectiveness (Zapata et al., 1992) . Salo et al. (1998 Salo et al. ( , 2000 found that UV modulates the immune functions of roach in shallow clear water in laboratory conditions; we cannot therefore rule out increased UV as a cause of the observed impairment at the time of breeding. However, as both fish populations in the present study were collected from a depth of 2 m in humic lake water (transparency less than 1 m), UV is unlikely to have had an effect on our results.
One of the main findings of the present study was a remarkable seasonal variation in immunocompetence, with patterns differing between populations and sexes. This may indicate a variation in response to temporal and spatial environmental changes (including pathogens and parasites). Seasonality in immunocompetence can give rise to problems in studies concerning the role of parasites in sexual selection, if interactions between immune functions and expression of sexual ornaments are studied only during the breeding period. Such an interaction was found in jun- gle fowl by Zuk & Johnsen (1998) , where differently ornamented males had disparities in their seasonal immunity patterns. Our results support the view that the use of any single aspect of immunity as a general measure of immunocompetence is not recommended (Lochmiller, 1995; Siva-Jothy, 1995; Zuk & Johnsen, 1998) .
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